Introduction

41
The marine ecosystem acts to mediate global warming by absorbing and fixing carbon in 42 the ocean. Nellemann et al. [2009] reported that marine organisms account for more than 50 % of 43 all biological carbon in the world. The estimated carbon fixation due to primary production in 44 the coastal seas is approximately 250 g m -2 yr -1 , which is approximately twice as much as that in paid to substantial differences in the primary production and its driving mechanism in the KR 104 and KE regions. The remainder of this paper is organized as follows. A description of the 105 coupled climatological model configuration is presented in Sec. 2. Section 3 describes the 106 model-data comparisons to validate the model with respect to the mean dynamics, eddy activities, 107 and surface biological production around the Kuroshio. Subsequently, analyses and discussions 108 on the eddy-induced nitrate transport (Sec. 4) and its driving mechanism based on eddy energy 109 conversion analysis (Sec. 5) are provided, followed by conclusions in Sec. 6. 
Hydrodynamic model
112
The downscaling oceanic modeling for the Kuroshio region off Japan (Fig. 1) Parameterization (KPP) mixed-layer turbulence model [Large et al., 1994] is employed for the 118 vertical momentum and tracer mixing, while the lateral mixing is not explicitly taken into 119 account other than biharmonic hyper diffusion inherent in the 3rd order upstream-biased lateral 120 
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0.03 d 1/4° resolution) [Sakurai et al., 2005] , and the JCOPE2 reanalysis (Fig. 2) . The annual mean prominent seasonal differences, whereas interseasonal differences in the spectral energy are more 232 evident in the KE for our choice of analysis subdomains (Fig. 1b) . These results demonstrate that 233 both regions are affected by vigorous eddy activity with more energetic submesoscale eddies in 234 winter.
Eddy activity near the surface
235
The surface eddy kinetic energy, EKE!! !! ! ! !! ! !, is then evaluated from the 236 ROMS result (Fig. 5a) , where ! and ! are the zonal and meridional components of the horizontal 237 velocity, the overbar is an ensemble-averaging operator, and prime denotes high-pass filtered shown, whereas the model shows an underestimation because of the lack of the land-derived 260 nutrient inputs. In turn, chl-a is slightly overestimated in the northeastern part of the model 261 domain, where the primary productivity is known to decrease due to iron limitation [e.g., 262 Denman Figure 6 . Surface chlorophyll-a (chl-a) concentrations from (a) the climatology of MODIS/Aqua satellite data, and (b) the annually averaged ROMS-NPZD model. The productivity is high in the north of the Kuroshio, where the cold subarctic water dominates, and coastal margins, whereas the southern chl-a is considerably reduced.
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responses to eddying flow fields in the upper ocean around the Kuroshio, avoiding further 268 complexity of more sophisticated biogeochemical models. We leave these issues for future work. The model shows that the cyclonic eddy developed in the coastal area off CO in the KR
270
( Fig. 5b) supplies subsurface nutrients to the near-surface euphotic zone, leading to active 271 production in the coastal area north of the Kuroshio path (Fig. 6b) . However, chl-a is reduced 272 along the Kuroshio path, where the EKE is considerably high (Fig. 5a) (Figs 2c and 5b) , where the EKE is also high 275 (Fig. 5a) . These results suggest that the eddy activities associated with the Kuroshio in both 276 regions influence the primary production differently.
277
To understand the meridional transition of the primary production across the Kuroshio, 278 the vertical structures of nitrate and chl-a are examined. We choose the stations at 138°E and 279 145°E centered at the Kuroshio core, which is defined by the location of the maximum velocity 280 magnitude at 50-m depth, and the stations at ±1° meridionally away from the core (Fig. 1b) .
281 Figure 7 shows the Hovmöller diagrams of the modeled nitrate and chl-a at the three stations at 282 138°E (KR); the white lines represent the KPP-derived mixed layer depths [Large et al., 1994] .
283
Nitrate is distributed near the surface on the north side (Fig. 7a) to maintain the high production 284 in the mixed layer (Fig. 7d) . Upward nitrate transport and the associated high biological 285 production are pronounced in colder seasons (December-March) when the mixed layer deepens.
286
Going southward (i.e., equatorward), nitrate is lowered, barely reaches the surface, and results in 287 reduced chl-a. In warmer seasons, however, high chl-a is observed within and slightly below the 288 mixed layer, leading to nitrate depletion (Figs 7d-f) . The spring bloom with increased chl-a 289 occurs at the two southern stations in April and May (Figs 7e, f) . Similar seasonal variability and 290 meridional differences in nitrate and chl-a are observed in the KE at 145°E (Fig. 8) , while the 291 upper limit of the high nitrate concentration is lowered more pronouncedly than that in the KR 292 (Fig. 7) . It is worth noting that the nitrogen budget analysis (not shown) indicates that nitrogen maintain the upper ocean production in a different way in each of the two regions.
299
Surface and subsurface primary production occurs more prominently in the KE, except 300 for the northern location, where the nitrate concentrations below the mixed layer and the near-301 surface chl-a are higher in the KR due to the cyclone-induced upwelling (Sec. 3.2). Table 3 302 summarizes the time-averaged primary production as the vertically integrated chl-a concentration 303 from the surface down to z = -50 and -200 m, averaged laterally along the 138°E and 145°E 304 transects (Fig. 1b) 
332
The EKE peaks slightly northward of the velocity maximum (see also Fig. 5) patterns of the eddy fluxes explain the surface chl-a distribution reasonably well (Fig. 6b) . In the 361 coastal area north of the KR, there are also weak upward fluxes, which correspond to the 362 standing cyclonic eddy-induced upwelling (Fig. 5b) and to the resultant high chl-a. In the north 363 of the KE, where the cold subarctic water prevails, the intensive upward flux associated with 364 prevailing cyclonic eddies (Fig. 3) is attributed to the high production. On the contrary, chl-a in 365 the south of the Kuroshio, where the warm subtropical water prevails, is reduced remarkably 366 owing to the south-and downward eddy fluxes.
367
The subsurface eddy fluxes for the two transects along 138 o E (KR) and 145 o E (KE) 368 illustrate significant structural differences (Fig. 12) . The south-and downward eddy fluxes in the 369 KR are distributed around 33.5°N, where the Kuroshio main body exists (Fig. 10a) below the mixed layer. Because this downward flux does not occur along the isopycnals (Fig. 10b) , eddy mixing and associated strong turbulence are anticipated to promote this diapycnal (Fig. 12c) . This substantial difference in the vertical eddy 379 nitrate fluxes is also evident in Table 3 . In general, the KR is dominated by negative, downward 380 fluxes except for summer, whereas the KE mainly has positive, upward fluxes. As a consequence, 381 the eddy-induced downward nitrate transport is anticipated to restrict the primary production 382 around the Kuroshio path more extensively in the KR than in the KE. As shown in Table 3 , these vertical eddy fluxes vary seasonally to promote the nitrate seasonal 393 variability in the upper ocean (Figs 7 and 8) caused by the seasonal variability of the eddy field, 394 where submesoscale mixing is significantly enhanced in colder seasons, while mesoscale mixing 395 is predominant in warmer seasons (Figs 3 and 4) . 
!
Eddy generation mechanisms
397
The eddy generation mechanism is examined using the energy conversion rates in an 
400
We investigate the two important quantities, the barotropic and baroclinic conversion rates, K m K e
401
and P e K e , respectively, defined as follows:
403 The annually averaged conversion rates are plotted as the horizontal distributions, 412 integrated vertically from the surface down to z = -200 m (Fig. 13) , and as the cross-sectional 413 distributions along the 138°E (KR) and 145°E (KE) transects (Fig. 14) . Figure 15 shows the conversion rates are mostly distributed near the Kuroshio path, where EKE is high (Fig. 5) Near the surface, the maximum velocity (Fig. 10) (Figs 9, 10b, and 12) . This deepening is further amplified by the 436 near-surface F V (Fig. 15a) , which changes its direction from upward on the northern side of the 437 Kuroshio to downward on the other side. The former is coincident with the intensified positive 438 K m K e , while the latter occurs at the positive P e K e peak (Fig. 15b) fluxes centered at ~500-m depth (Fig. 12) , where nitrate is abundant (Fig. 10) . In contrast, the considerably depleted, resulting in quite small eddy fluxes (Fig. 15c) (Fig. 15d) to promote baroclinic instability that leads to the cyclonic eddy-induced 447 nutrient upwelling (Fig. 15c) .
448
In summary, the large, positive K m K e induced from CS and the positive P e K e associated 449 with the sharp front in the KR (Fig. 2f) Overall, the headland and ridge topographies are found to be crucial for the changing roles of 484 eddies in nutrient transport, which are responsible for the upper ocean primary production 485 through the alternation of K m K e and P e K e . As a result, the primary production is generally higher 486 in the KE by ~23.5% (at 16.7% as the annual average) than that in the KR. 
